Introduction
One of the greatest challenges in the last decade has been discovering new energy sources with minimum toxicity [1] . The sun is the most affluent source of clean and renewable energy on Earth [2] . According to the pioneering work by Gratzel [3] dye sensitized solar cells (DSSCs) have been proposed as a device to convert solar energy into electrical energy. DSSCs are an inexpensive and environmental pho− tovoltaic technology compared to silicon solar cells [4] . Extensive research has been done for the improvement of the power conversion efficiency [5] . Photosensitizers (ru− thenium dyes, free metal organic dyes and natural dyes) are one of the key materials in DSSCs that directly affect con− version efficiency [6] . Several types of organic dyes such as indoline dyes, coumarin dyes, polyene dyes, hemicyanine dyes and thiophene based dyes have been designed for DSSCs devices [7, 8] . Azo dyes have been widely studied due to their application in dyeing textile and plastics [9] . In the past few years, significant efforts have been devoted to the use of azo dyes as sensors [10] . Azo dyes combine their optical and electronic properties with good chemical stabil− ity and solution process ability [4] , which can be used in DSSCs. There are few reports on the application of azo dyes as photosensitizers on DSSCs. Mikroyannidis et al. investi− gated the application of three new azo dyes in DSSCs. The results show that the overall power conversion efficiency (PCE) of the DSSCs are 2.59% -4.17% for a synthesized azo dye [11] . Mahmood et al. designed a series of azo dyes for DSSCs. All azo dyes showed absorbance in visible region and light harvesting efficiency. These dyes also pre− sented large Voc (1.037-1.128 eV) [4] . There are several reports on the azo food dye application in new technologies as sensor design [12] [13] [14] ; nevertheless, there aren't studies or reports on the application of food azo dyes in DSSCs.
In this study, for the first time we selected a series of food azo dyes with different substituents and investigated the performance of DSSCs in the absence and presence of the anti−aggregation agent. The spectrophotometric proper− ties of these dyes in solution and on TiO 2 substrate and the electrochemical measurements were investigated. Finally, we fabricated DSSCs using food azo dyes as photosensiti− zers and presented photovoltaic properties. The structures of the azo dye molecules are given in Fig. 1. 
Experimental

Materials and instrumentation
All compounds used in this study were of analytical grade unless otherwise stated. The food azo dyes were obtained from the Institute of Standard and Industrial Research of Iran. Photoelectrodes were fabricated using TiO 2 paste from Sharif solar. UV−visible spectrophotometry and fluorimetry were carried out on a Cecil 9200 double beam transmission spectrophotometer and Ocean Optics Usb2000flg fluorome− ter, respectively.
tial (E ox ) was measured using three small−sized electrodes. Ag quasi reference electrode (QRE) was used as the refer− ence. Platinum wires were used as working and counter electrodes. All electrode potentials were calibrated with res− pect to ferrocene (Fc)/ferrocenium (Fc + ) redox couplet. An acetonitrile solution of each dye containing tetrabutylam− monium perchlorate (0.1 mol dm -3 ) and ferrocene (ca. 1 mmol dm -3 ) was prepared. The electrochemical measure− ments were performed at a scan rate of 100 mV s -1 [15] .
Dye-sensitized solar cells assembly and photovoltaic characteristics
A nanocrystalline anatase TiO 2 film was coated on a trans− parent glass support. Each individual food azo dye was adsorbed by dipping a separate coated glass in a 5×10 -5 M solution containing each dye for 12 hours. The visible bands in the absorption spectrum of the dyes after adsorption on nano TiO 2 film only appeared after the TiO 2 electrodes were dipped in the dye solution for at least 12 hours. Finally, the film was washed with a 1:1 acetonitrile:ethanolmixed solu− tion. Acenonitrile−ethylenecarbonate (v/v = 1:4) containing tetrabutyl ammonium iodide (0.5 mol dm -3 ) was used as an electrolyte. Each dye−adsorbed TiO 2 electrode, together with a Pt counter electrode and the mentioned electrolyte solution was separately assembled into a sealed sandwich type solar cell [16, 17] . For each solar cell, an action spec− trum was measured under monochromatic light with a con− stant photon number (5×10 15 photon cm -2 s -1 ). Photocur− rent−photovoltage (J−V) characteristics were measured un− der illumination with AM 1.5 simulated sun light (100 mW cm -2 ) through a shading mast (5.0 mm × 4 mm) by using a Bunko−Keiki CEP−2000 system.
Results and discussion
A series of monoazo acid dyes with a general structure of Fig. 1 , containing sulphonic acid were chosen. The acid food azo dyes had yellow, orange and red hue (Table 1) . Azo dyes contain one azo group (monoazo), two azo groups (disazo), three azo groups (thrisazo), or more but do not exist naturally. Azo dyes account for approximately 60-70% of all synthesized dyes utilized in food industry [18] . On the other hand, azo dyes have applications such as reversible optical storage media, optical switches, electro− −optic modulators and chemical sensors [11] . Recently, more attention has been directed to the application of azo dyes in photovoltaic devices because not only they do not cost much but also they have relatively facile dye synthesis and chemical stability [11, 19] . Table 2 shows the wavelength of maximum absorption (l max ) together with dimethylformamide (DMF) solution for each individual dye, as well as the corresponding l max on nano TiO 2 films in the presence and absence of anti− −aggregation agent. Figure 2 illustrates the adsorption cur− ves of one selected dye (Dye 4) in solution, on TiO 2 sub− strate in the absence of anti−aggregation agent and on TiO 2 substrate in the presence of anti−aggregation agent. Table 2 and Figures 1 and 2 show that electron donating or electron withdrawing groups positions on the synthesized dyes not only shift l max in a DMF solution but also on nano TiO 2 to longer wavelengths (i.e., bathochromic shifts for synthe− sized dyes). However, the same dyes show bathochromic shifts on nano TiO 2 compared to their corresponding l max in DMF solution due to the formation of a partial J−type aggre− gation on nano TiO 2 . Amongst these food azo dyes, Dye 4 shows maximum bathochromic shifts in DMF solution and nano TiO 2 in comparison to the other azo dyes. This can be attributed to an intramolecular charge transfer between the donor and acceptor groups [7, 20] which provides an efficient charge separation for the exited state. This is assigned toelectron donating substituents on the electron donor group which, in turn, lowers the level of the lower unoccupied molecular orbital (LUMO), thus reducing the gap between the higher unoccupied molecular orbital (HOMO) and the correspond− ing LUMO states [21] . The colour of the acid dyes is attrib− uted to azo−hydrazone tautomerism, since the two tauto− meric forms generally will have different spectroscopic properties. It is found that the hydrazine forms are always absorbed at longer wavelengths than their azo tautomers. These two forms are presented in Fig. 3 . As mentioned above, the dyes can occur in two different hydrazine forms, with the azo system (amino−iminol tautomerism) in Fig. 3 . The intra molecular hydrogen bond leads to the rise of a greater charged excited state due to the electrostatic inter− action between adjacent groups. This interaction presents a red shift in the UV−Vis spectrum [22] . The fluorescent characteristics of dyes measured in DMF are also reported in Table 2 . In DMF solutions, all azo dyes show intense orange fluorescence due to charge transfer to the electron accepting groups. The fluorescence emission maxima (l F ) of the azo dyes in DMF were 540, 595, 631, 651 and 590, respectively.
The oxidation potential (E ox ) of all azo dyes were mea− sured in acetonitrile by cyclic voltammetry. Two distinct redox waves were observed in the voltammogram [15] . The first oxidative wave was due to the oxidation of the external standard of Ferrocene and the second wave resulted from the electrochemical oxidation of each dye. The oxidation peak potential (E pa ) for Dye 1-Dye 5 can, therefore, be cal− culated to be +1.02 V, +1.08 V, +0.94 V, +1. [23] , the driving force is sufficient for efficient charge injec− tion. Thus, the electron injection process from each excited dye molecule to the TiO 2 conduction band and the subse− quent dye regeneration are energetically permissible. The energy levels of the ground state (HOMO) of all azo dyes are sufficiently more positive than the I 3 -/I -redox potential [(0.42 V (vs. NHE)] [24, 25] , indicating that the oxidized dye formed after electron injection into the conduction band of TiO 2 could accept electrons from I -ions in the electro− lyte, thus making it thermodynamically favourable. Such electronic structures thus ensure a favourable exothermic flow of charge throughout the photo−electric conversion. Electrochemical properties and band gap of azo dyes are listed in Table 3 . Dye−sensitized solar cells (DSSCs) were constructed and compared in order to clarify the relationships between the sensitizing behaviour of azo dye molecules and their structures. The DSSCs used these dyes as sensitizers for nanocrystalline anatase TiO 2 . Figure 4 depicts a typical photocurrent-photovoltage (J-V) curve for cells Dyes 1, Dye 5 and Di−tetrabutylammoniumcis−bis (isothiocyanato) bis(2,2'−bipyridyl−4,4'−dicarboxylato) ruthenium (II) (N719). The detailed photovoltaic parameters are also summarized in Table 4 . The solar energy to electricity conversion effi− ciency (h) of the DSSCs is calculated from the short circuit current (J sc ), the open−circuit photovoltage (V oc ), the fill fac− tor (FF), and the intensity of the incident light (P in ) [P in = 1 mVcm -2 ] as photovoltaic properties [24, 26] . The results were obtained under full sunlight (AM 1.5 solar condition), and as shown in Table 4 , demonstrate that a maximum value of 4.20% for the conversion efficiency of cells containing Dye 1 was achieved in the presence of anti−aggregation agent. The larger conversion efficiency of Dye 1 photosensitizer is probably due to the presence of four suitable anchoring groups of the respective substituted azo dyes and/or presence of anti−aggregation agent. Re− duced aggregation of dye molecules is directly related with faster electron transfer from the excited state of the dye mol− ecules to the TiO 2 conduction band in DSSCs. Therefore, anchoring dye molecules highly is critical for absolute ad− sorption of sunlight in DSSCs thus, conversion efficiency directly relies on a suitable dye deposition [27, 28] . The con− version efficiency of solar cells containing azo dyes is usu− ally higher than 2%. For example three organic dyes with various substituents as the electron donors and carboylic acid as the electron acceptor were prepared by Mikroyan− nidis et al. [11] . These organic dyes were then utilized as photosensitizers in DSSCs with conversion efficiencies of 4.17%, 3.26% and 2.59%, respectively. Furthermore, four organic azo dyes with carboxylic acid as the acceptor group were prepared by Mahmood et al. [4] . The PCE of the DSSCs based on such synthesized dyes ranged from 3.56% to 3.64%. Thus, performance of DSSCs containing Dye 1-Dye 5 is better than solar cells based on other azo dyes which is probably due to more facility for the motion of electrons in such dye structures. The organic dyes with two or more anchoring groups show the highest lifetime of the first excited state, implying the potentially good ability in electron injection from dye molecules to TiO 2 substrate [28] . Therefore, Dye 4 with three sulphonic acids has higher Opto−Electron. Rev., 24, no. 1, 2016 M. Hosseinnezhad conversion efficiency than Dyes 2, 3 and 5. The larger power conversion efficiency of Dye 2 is attributed to the presence of methoxy and methyl group as activating sub− stituents on dye molecules. Nonetheless, the DSSCs with N719 show a better performance than the DSSCs based on Dye 1 to Dye 5. This is due to the molecular structure of N719 dye, which leads to the Metal Ligand Charge Transfer (MLCT) effect [29] that reduces the charge recombination at the dye molecules and phtoelectrode interface, hence pro− viding a higher V oc value. On the other hand, the N719 dye standard contains the expensive ruthenium metal which economically limits its general use.
Conclusions
Five metal free organic dyes to be used as photosensitizers in DSSCs were selected based on food azo dyes by employ− ing a simple naphthyl residue as a part of đ−conjugation sys− tem and simple carboxylic acid and/or sulfonic acid as the electron acceptor anchoring groups. The spectrophotomet− ric properties of the food azo dyes in solvent and on TiO 2 films in the absence and presence of the anti−aggregation agent were examined. According to the results, the absorp− tion maxima of food azo dyes separately applied on TiO 2 films gave bathochromic shifts compared to the correspond− ing dye spectra in the solutions. This bathochromic shifts is due to the form J−aggregateon the photoelectrode substrate, but the amounts of aggregation decreased in the presence of anti−aggregation agent because of the reduction in batho− chromic shifts. Moreover, the electron transfer process is reduced duo to the aggregation of molecular dyes; DSSCs, therefore, were prepared in the presence of the anti−aggrega− tion agent. Finally, the food azo dyes were utilized in DSSCs and their photovoltaic behaviours were investigated. A solar energy to electricity conversion efficiency of 4.20%, 2.80%, 3.10%, 3.32% and 2.48% were achieved for Dye 1-Dye 5, respectively. Dye 1, containing COOH, gave hi− gher conversion efficiency than other food azo dyes which is attributable to the stronger electron withdrawing ability of Dye 1.
